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Despite the fact that GeTe is known to be a very interesting material for applications in thermo-
electrics and for phase-change memories, the knowledge on its low-temperature transport properties
is only limited. Here, we report on phase-coherent phenomena in the magnetotransport of GeTe
nanowires. From universal conductance fluctuations, a phase-coherence length of about 200 nm at
0.5 K is determined for the hole carriers. The distinct phase-coherence is confirmed by the observa-
tion of Aharonov–Bohm type oscillations for magnetic fields applied along the nanowire axis. We
interpret the occurrence of these magnetic flux-periodic oscillations by the formation of a tubular
hole accumulation layer on the nanowire surface. In addition, for Nb/GeTe-nanowire/Nb Josephson
junctions, we obtained a proximity-induced critical current of about 0.2µA at 0.4 K. By applying a
magnetic field perpendicular to the nanowire axis, the critical current decreases monotonously with
increasing magnetic field, which indicates that the structure is in the small-junction-limit. Whereas,
by applying a parallel magnetic field the critical current oscillates with a period of the magnetic
flux quantum indicating once again the presence of a tubular hole channel.
I. INTRODUCTION
In the past decades, GeTe-based alloys are attract-
ing an increasing interest for their applications in op-
tical data storage and phase change memories due to a
reversible rapid transformation between amorphous and
crystalline phase1,2 and a large contrast of optical con-
stants and electrical conductivity for the two phases.3
In addition, GeTe-rich alloys can be used in intermedi-
ate temperature thermoelectric applications for convert-
ing waste heat to electrical energy because of their high
thermoelectric performance, high thermal and mechan-
ical stability.4,5 Moreover, the GeTe ferroelectric semi-
conductor exhibits a giant bulk Rashba effect,6–9 which is
very interesting for applications in spintronic devices.10,11
It is well known that GeTe has different phases upon
increasing the temperature or pressure.4,12,13 At room
temperature, GeTe is an indirect band gap semiconduc-
tor with a trigonal ferroelectric phase (space group R3m,
No. 160). The experimentally determined band gap en-
ergy is Eg ∼ 0.61 eV,14 which is close to recent theoret-
ical values.10,12 The band gap energy tends to decrease
with decreasing temperature.4 Pristine GeTe is a p-type
semiconductor with hole concentration up to 1021 cm−3
due to the low formation energy of Ge vacancies.4
At temperatures below 0.3 K GeTe is observed to be
The superconducting.15–17 Recently, Narayan et al.18
have investigated the non-equilibrium superconductiv-
ity in GeTe Hall bar samples with a semiconductor-
superconductor transition temperature of about 0.14 K
and a critical magnetic field of around 70 mT. At the
Curie temperature of about 700 K, GeTe undergoes a
phase transition from the ferroelectric rhombohedral
(R3m) structure to the paraelectric cubic (Fm3¯m) NaCl-
type one. The cubic GeTe has a direct band gap with
a smaller value of about 0.2 eV.12,19 In addition, there is
an amorphous (high-resistance phase) to crystalline (low-
resistance phase) transition at around 200 ◦C for GeTe
films upon heating.20,21 For device applications investi-
gations on GeTe nanowires were conducted.22–24 These
nanowires are in particular interesting as building blocks
in phase-change memories.25
The mechanism of low-temperature quantum trans-
port phenomena in one-dimensional GeTe nanowires
have not been addressed so far, even though the phase
change behavior and thermoelectric properties of GeTe
bulk/films have been studied systematically. There-
fore, we have grown GeTe nanowires and measured the
transport properties of GeTe nanowires contacted with
normal metals as well as GeTe nanowire-based Joseph-
son junctions. For the normal contacted nanowires we
investigated phase-coherent transport phenomena such
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2as universal conductance fluctuations, weak antilocal-
ization, as well as Aharonov–Bohm-type resistance os-
cillations. For the GeTe nanowires equipped with Nb
contacts the proximity-induced superconductivity as well
as critical temperature and magnetic field of Nb/GeTe-
nanowire/Nb Josephson junctions are studied.
II. RESULTS AND DISCUSSION
A. Crystalline structure and microstructure
analysis
GeTe nanowires (NWs) were synthesized by a Au-
catalyzed vapor-liquid-solid growth in a tube furnace
with GeTe powders.22,26 The as-grown GeTe NWs on
a Si/SiO2 substrate are straight with a length of more
than 5µm. The cross section for the GeTe nanowires has
a rhombic shape with a side length of about 80 nm (cf.
Figure 1a). A high-angle annular dark- field (HAADF)
image of GeTe NW cross section was obtained via aberra-
tion corrected scanning transmission electron microscopy
(STEM). In the corresponding image shown in Fig. 1b
one can identify a trigonal crystal structure. The po-
sitions of the Te and Ge atoms are indicated by light
green and magenta dots, respectively. For device fabri-
cation the GeTe NWs were transferred to a Si/SiO2 sub-
strate. Subsequently, superconducting (Nb) or normal-
metal (Ti/Au) contact electrodes were prepared by using
electron beam lithography and magnetic sputtering. The
transport properties of Nb/GeTe/Nb and Au/GeTe/Au
devices are studied in a four-terminal configuration. The
outer pair of electrodes are employed to apply a direct
current (Ibias) or/and an alternating current (IAC), while
the inner pair of leads serve as voltage probes. The con-
tact resistance can be excluded using a real four-terminal
geometry base on the differential resistanceR = dV/dI27.
In order to investigate the material properties of the
nanowires energy dispersive X-ray spectroscopy (EDX)
and Raman spectroscopy were performed. The EDX re-
sults shown in Figure 1c reveal that the as-grown GeTe
has an ideal atomic ratio of Ge : Te = 1 : 1 and the el-
ement component are uniform along the NWs except
the nanowire ends with a Au nanoparticle, typical of
vapor-liquid-solid growth. Furthermore, Raman spectra
of a GeTe single nanowire demonstrate unambiguously
that GeTe NWs exhibit rhombohedral phase (R3m) at
room temperature (cf. Figure 1d). According to the
group theory, the two peaks near 89 and 119 cm−1 are
assigned to the first-order Raman-active modes E(TO)
and A1(LO), respectively.
28,29 Theoretically, E and A1
relates to the bending modes of the GeTe4 tetrahedra
and symmetric stretching vibration of the Te-Te bond,
respectively.20 Note that the peak labeled by the symbol
(∗) at around 140 cm−1 arises from surface oxidation.13
Other peaks/shoulders may originate from the breaking
of inversion symmetry due to vacancies, defects, and dis-
tortion of bonds.30
B. Magnetotransports in normal-metal
Au/GeTe-nanowire/Au devices
In order to gain information on the electrical properties
of the GeTe nanowires we measured the magnetotrans-
port of samples equipped with normal contacts (Ti/Au:
20 nm/100 nm). An electron beam micrograph of the
contacted 80-nm-wide nanowire is shown in Figure 2a
(inset). The measurements were performed in a four-
terminal configuration with the bias current supplied at
the outer contacts. The width and separation of the in-
ner electrodes is about 0.5 and 1.0µm, respectively. In
Figure 2a the resistance as a function of temperature is
plotted. One finds that the resistance decreases with de-
creasing temperature in the temperature range from 35
to 10 K, and then increases monotonously upon further
decrease of the temperature down to 0.4 K. The temper-
ature dependence corresponds to a metallic behaviour
where the upturn in resistance for temperatures below
10 K can be attributed to the electron-electron interac-
tion and weak localization effects.31–33 No transition to
a superconducting behaviour is observed, probably be-
cause the lowest temperature of 0.4 K is larger than the
critical temperature.15,17
Figure 2b shows the conductance G in units of e2/h
with the magnetic field applied perpendicular to the
nanowire axis (B⊥, θ= 90◦), at temperatures between
0.5 and 5.0 K. Here, e is the electron charge and h is
the Planck constant. Similarly to GeTe films,17 a pro-
nounced peak is observed at zero magnetic field which
is attributed to the weak antilocalization effect. This
feature originates from interference effects of holes in
the presence of spin-orbit coupling. Indeed, for GeTe
a bulk Rasbha effect in the valence band is theoretically
predicted.8,10 Furthermore, as discussed in more detail
below, band bending at the surface in connection with
according potential gradients may also result in spin-
orbit coupling effects. The conductance traces shown in
Figure 2b reveal a modulation pattern which can be as-
signed to universal conductance fluctuations.34 Their am-
plitude decreases with increasing the temperature mainly
due to the reduction of the phase-coherence length.35
From the autocorrelation function of the magnetoconduc-
tance, given by F (∆B) = 〈G(B)G(B+ ∆B)〉− 〈G(B)〉2,
information on the phase-coherence length lφ can be
obtained.34 Here, 〈. . . 〉 is the average over the mag-
netic field. For quasi one-dimensional systems the cor-
relation field Bc defined by F (Bc) = F (0)/2, is in-
versely proportional to the phase-coherence length lφ:
Bc ∼
√
3Φ0/(pilφd), with the magnetic flux quantum
given by Φ0 =h/e.
36,37 For the fluctuations measured at
0.5 K, we extracted a correlation field of Bc = 0.14 T.
Taking the nanowire width of d∼ 80 nm into account we
obtain a phase-coherence length of about 200 nm.
Figure 2c shows the resistance ∆R after subtraction
of a slowly varying background as a function of a mag-
netic field B|| applied along the nanowire axis. For this
magnetic field orientation one finds a regular oscillation
3FIG. 1: a) Scanning transmission electron micrograph of GeTe NW in cross section. b) HAADF image of GeTe NW cross
section obtained via aberration corrected STEM with evident trigonal crystal structure where light green atoms represent Te
and magenta colored atoms indicate the position of Ge atoms. c) A SEM image of a GeTe nanowire and the corresponding
atomic composition along the nanowire from Energy dispersive X-ray spectroscopy. d) Experimental and fitted Raman spectra
(solid lines) with mode assignments of a GeTe single nanowire. e) Top: Schematics of a GeTe nanowire with a tubular hole
accumulation layer and a magnetic field along the wire axis. The scheme on the right shows the upwards bending of the bands
at the surface, with EF the Fermi energy as well as Ec and Ev the conduction band bottom and valence band top, respectively.
Bottom: Schematics of a GeTe nanowire contacted with Nb electrodes. At the interface, Andreev reflection occurs. The
schematics on the right shows the energy spectrum of hole states in a tubular conductor for different angular momenta as a
function of the normalized flux Φ/Φ0 for Ekin = 0. Note that for hole states the energy increases downwards and the effective
mass is positive. The red and green dots indicate the occupied channels at different flux values.
pattern with an oscillation period of about ∆B = 1.4 T
(cf. Figure 2d, inset). This is also confirmed by the fast
Fourier spectrum of the measurement at 0.5 K depicted
in Figure 2d. Here, a pronounced peak is found at a fre-
quency of 0.72 T−1, corresponding to the aforementioned
period of 1.4 T. In addition, some features at 1.22 and
1.66 T−1 are present.
We attribute the regular oscillations to Aharonov–
Bohm type oscillations38 originating from transport in
tubular hole states in a conductive surface accumulation
layer penetrated by a magnetic flux Φ (cf. Fig. 1e, up-
per left schematics).35,39–42 The involvement of phase-
coherent tubular states is supported by the large phase-
coherence length being comparable to the circumference
of the nanowire. We assume that in case of our GeTe
nanowire, the holes accumulated in the surface channel
are supplied from surface states. In fact, such a surface
accumulation layer is mainly observed for narrow band
gap materials, e.g. for InAs. Similar but inverted as in
the case of InAs the GeTe electronic band structure ex-
hibits some lower valence band maxima,43,44 which may
be responsible for the charge neutrality level of the sur-
face states to be located within the bulk valence band.
As a consequence, a tubular hole accumulation layer is
formed at the surface.45 Owing to the hole accumulation
the valence band is bent upwards at the interface (cf.
Fig. 1 e). In order to describe the transport through the
tubular hole channel in more detail, we assume a circular
cross section. In that case the state components per-
pendicular to the nanowire axis can be described by co-
herent angular momentum states, which can be ordered
according to their angular momentum quantum number
l of their angular momentum Lz. In the presence of a
magnetic flux through the wire cross section the energy
eigenstates are given by39,41
E = Ekin +
~2
2m∗r20
(
l − Φ
Φ0
)2
,
with Ekin the kinetic energy along the wire, m
∗ the ef-
fective hole mass, and r0 the radius of the tubular chan-
nel. The energy is periodic in Φ0 = h/e. A schematics
of the energy spectrum is given in Figure 1e, bottom.
In a ballistic picture the conductance is determined by
the number of occupied hole channels above the Fermi
level EF , e.g. three channels for a small flux (red dots
in the schematics) and two channels for a slightly larger
flux (green dots).39 Thus, when the magnetic field is in-
creased, the number of occupied hole channels changes
4FIG. 2: (Color online) a) Four-terminal resistance as a function of temperature at zero magnetic field of a Au/GeTe-nanowire/Au
device. Inset: Scanning electron microscopy image of a GeTe NW contacted with Ti/Au leads. b) Conductance in units of
e2/h as a function of B⊥ at temperatures from 0.5 to 5.0 K. c) Magnetoresistance oscillations after subtracting a parabolic
background as a function of B|| at temperatures from 0.5 to 5.0 K. d) Fast Fourier transform (FFT) of the magnetoresistance
oscillations in a parallel magnetic field at 0.5 K. The inset shows the corresponding resistance oscillations for the positive and
negative magnetic field range.
periodically with the period of Φ0. In the non-ballistic
diffusive case, a similar flux-periodic modulation is ex-
pected as well.46
From the measured period of ∆B = 1.4 T of our
nanowire we can deduce the expected area S encircled by
the surface channel from Φ0 = S ×∆B, which results in
a value of about S = 3000 nm2, corresponding to a diam-
eter of approximately 60 nm for a circular cross section.
For our nanowire with a width of 80 nm, we estimate an
area of about 5000 nm2 assuming a circular cross section.
Obviously, the expected cross section is smaller than
the actual geometrical cross sectional area of our GeTe
nanowire. The discrepancy may be attributed to the fact
that the nanowire surface is oxidized so that the hole ac-
cumulation layer is slightly pushed inside. Furthermore,
the radial component wave function usually has an exten-
sion of the few nanometers, which also leads to a reduc-
tion of the effective cross sectional area. As mentioned
above, some weaker maxima at higher frequencies, i.e.
at 1.22 and 1.66 T−1, are found in the Fourier spectrum.
These features may be related to higher harmonics or to
Altshuler–Aronov–Spivak oscillations comprising a h/2e
periodicity.47
C. Temperature dependent superconductivity in
Nb/GeTe-nanowire/Nb junctions
We now turn to measurements of GeTe nanowires
equipped with superconducting contacts. The inset of
Figure 3a shows a GeTe NW-based junction device with
Nb contacts. The nanowire has a width of 80 nm, while
the width and separation of Nb leads are about 500 and
90 nm, respectively. The outer Nb leads are employed
to apply bias current, while the inner pair of contacts
serve as voltage probes.48 Figure 3a shows the resistance
R at zero magnetic field as a function of temperature.
The measurement shown in Figure 3a indicates that the
Nb electrodes have a transition temperature of about
Tc,Nb = 7.0 K. From the relation of the electron-phonon
coupling strength 2∆0/kBTc,Nb≈ 3.9, with kB the Boltz-
mann constant and critical temperature Tc,Nb, we esti-
mate the Nb energy gap ∆0 to be about 1.2 meV at
zero temperature.49,50 Moreover, there is another drop in
5FIG. 3: a) Resistance R of a Nb/GeTe-nanowire/Nb junction during a cooling process. There are two transitions (TC,Nb
and TC,NW) labelled by vertical shadows. Inset: A scanning electron microscopy image of a Nb/GeTe-nanowire/Nb junction.
b) I-V characteristics and corresponding dV/dI trace of a GeTe-based junction in a high bias current range at 0.4 K. The
subgap features and the location of 2∆0 are indicated by arrows. c) I-V curves as a function of large bias current range. The
superconducting range at small bias currents is indicated by an rectangle and the step feature at around ±1.5µA can be found
within the ellipse. d) Corresponding dV/dI traces as a function of bias voltage at various temperatures. Inset: Position as a
function of temperature of the peak assigned feature (1) indicated in b). e) I-V characteristics and f) the corresponding dV/dI
curves in a small bias current range at temperatures between 0.4 and 1.6 K. The inset of e) is the experimental (dots) and fit
(solid line) IC/IC(0) as a function of temperature.
the temperature region between 1.0 and 2.0 K, which is
assigned to the superconducting transition temperature
Tc,NW of the Nb/GeTe-NW/Nb junction. The two-step
feature has been observed before in normal metal,51 in
semiconductor-based Josephson junctions,52 as well as in
topological insulator based junctions.53 The normal state
four-terminal resistance (RN) of the present Nb/GeTe-
NW/Nb junction is about 355 Ω at temperatures above
Tc,Nb.
Figure 3b shows the current-voltage (I-V ) character-
istics and corresponding differential resistance (dV/dI )
curve measured at 0.4 K. At low bias currents a supercon-
ducting state is observed with a critical current of 200 nA.
At larger bias current at around ±1.6µA corresponding
to a bias voltage of about ±0.3 mV a sharp peak (1) is ob-
served in the differential resistance. Moreover, a broader
peak (2) at ±4µA corresponding to a bias voltage of
±0.75 mV is found. These features can be attributed to
multiple Andreev reflections.54 However, no regular se-
quence of structures according to the theory is observed.
At a bias voltage corresponding to 2∆0 = 2.4 meV no
pronounced feature is found.
As a further step, the temperature dependence of the
I-V characteristics is investigated (cf. Figure 3c). Obvi-
ously, the superconducting range at small bias currents
(indicated by a rectangle) shrinks and finally vanishes
upon increasing the temperature from 0.4 to 3.5 K. The
same is true for the step feature at around ±1.5µA. Re-
garding the latter, the corresponding dV/dI traces as a
function of bias voltage are shown in Figure 3d for tem-
peratures in the range from 0.4 to 2.5 K. One finds that
the feature corresponding to peak (1) in Fig. 3b shifts
towards smaller bias voltages and eventually vanishes at
a temperature of 2.5 K (cf. Figure 3d, inset). The strong
temperature dependence confirms that this feature is di-
rectly related to the superconducting state.
Figure 3e shows the I-V characteristics of the GeTe-
NW based Josephson junction in a small bias current
range at temperatures ranging from 0.4 to 1.6 K. At
0.4 K the critical current Ic,NW is about 200 nA. As the
temperature increases, the superconducting plateau di-
minishes and disappears at about 1.6 K. The according
corresponding differential resistance traces are shown in
Figure 3f. The dependence of normalized critical cur-
rent Ic/Ic(0) as a function of temperature are depicted
in the inset of Figure 3e. The temperature dependence of
the supercurrent can be assigned to a metallic diffusive
junction.55 However, since no reliable data on the diffu-
sion constant and Thouless energy can be obtained, we
have refrained from a detailed analysis.
6D. Magnetic field dependent superconductivity in
Nb/GeTe-NW/Nb junctions
The Nb/GeTe-NW/Nb junctions were measured in a
magnetic field in two orientations, i.e. parallel to the
nanowire axis and perpendicular to the substrate plane.
For the perpendicular configuration the critical field Bc,⊥
was determined to be around 4 T while for the parallel
case we got Bc,|| ≈ 5 T. Figures 4a and 4b depict the evo-
lution of I-V and corresponding dV/dI characteristics of
the Nb/GeTe-NW/Nb junction in a perpendicular mag-
netic field (B⊥) at 0.5 K. With increasing magnetic field,
the supercurrent is suppressed and then disappears, as
can be seen in more detail in Figure 4a (inset). The
features at around ±1.6 and ±4µA found in the dV/dI
trace at zero field shift towards zero bias upon increas-
ing the magnetic field. The shift can be attributed to
the reduced superconducting gap when a magnetic field
is applied. As shown in Figure 4c, we find a monotonous
decrease of the critical current Ic,⊥ with increasing B⊥. A
complete suppression of Ic,⊥ occurs at around 4 T. A sim-
ilar monotonous decrease of critical current with B⊥ was
observed in planar Nb/Au/Nb51 as well as in semicon-
ductor nanowire based Josephson junctions.50,56 It can
be explained within the framework of a theoretical model
for the proximity effect in diffusive narrow-width Joseph-
son junctions.57 Within that model the decay of Ic,⊥ can
be described by:51,57 Ic,⊥(B) = Ic,⊥(0) · ae−b(BS/Φ0)2 .
Here, IC,⊥(0) is the critical current at B = 0 T. The
a and b are fit parameters and S is the effective area
(80 nm×90 nm) of the Nb/GeTe/Nb junction perpendic-
ular to magnetic field. The fit curve from theory (solid
line) agrees well with the experimental data for fit pa-
rameters a and b of 1.04 and 0.27, respectively.
In the case that the applied magnetic field is parallel to
the GeTe wire axis (B||), the supercurrent is modulated
when the magnetic field is increased, as can be seen in
Figures 4d and 4e. Furthermore, similar to the previ-
ous case where B⊥ was applied the peak features in the
dV/dI traces shift towards zero bias upon increasing of
B||. In Figure 4e the ranges where a Josephson super-
current is present is indicated. The corresponding values
of Ic,|| as a function of B|| are plotted in Figure 4f. One
clearly finds an oscillatory behaviour of Ic,||. The oscil-
lation period of ∆B|| is very similar to the period of the
sample with normal contacts as discussed before. Since
the cross section of the nanowire is very similar to the
previous one, we can deduce that oscillations of Ic,|| are
periodic with a single magnetic flux quantum Φ0 = h/e.
We interpret the behaviour by a Josephson supercurrent
which is carried by coherent closed-loop states in the sur-
face accumulation layer at the GeTe nanowire surface. As
illustrated in Fig. 1e, bottom, the supercurrent originates
from phase-coherent Andreev retro-reflections of tubular
hole and electron states at both GeTe/Nb interfaces.58 In
each cycle a Cooper pair is effectively transported from
one Nb electrode to the other one. In the measurements
of GeTe nanowire with normal contacts we found that
the resistance was modulated with a magnetic flux quan-
tum because of the periodic change of the number of
occupied transport channels. In case of superconducting
electrodes, the magnitude of the Josephson supercurrent
is also considered to be determined by the number of
hole and electron transport channels, hence a flux peri-
odic modulation is expected as well. As a matter of fact,
a magnetic flux modulation was found before in junctions
based on GaAs/InAs core/shell nanowires.41,59 However,
in that case no clear supercurrent was observed and a
period of Φ0/2 was found.
III. CONCLUSION
In summary, magnetotransport of GeTe nanowire-
based devices have been investigated in a four-terminal
configuration. The temperature dependent resistance of
the normal metal contacted Au/GeTe-nanowire/Au de-
vices reveals that GeTe exhibits a semiconducting be-
havior until 0.4 K. At low temperatures universal con-
ductance fluctuations were observed which allowed us to
extract the phase-coherence length lφ being as large as
200 nm at 0.5 K. The weak antilocalization feature ob-
served around zero magnetic field indicates the pres-
ence of spin-orbit coupling in the valence band. Even
more, when a parallel magnetic field is applied regular
Aharonov–Bohm type oscillations are found, which are
attributed to the formation of a hole accumulation layer
at the nanowire surface. In the case of Nb/GeTe-NW/Nb
junctions, we observed a critical supercurrent of about
0.2µA at 0.4 K. The temperature dependence of Ic,NW
can be explained in the framework of a diffusive junc-
tion. With increasing a perpendicular magnetic field the
critical current decreases monotonously. This feature can
be explained within models covering the small junction
limit. For magnetic fields applied parallel to the nanowire
axis regular oscillations of the critical current are ob-
served which are attributed to a supercurrent carried by
the surface accumulation layer in the GeTe nanowires.
Our investigations showed that distinct phase-coherent
phenomena can be observed in GeTe nanowire struc-
tures. The presence of spin-orbit coupling in combination
with the superconducting proximity effect make these
nanowires very attractive for applications in the field of
quantum computation. Furthermore, it would be very in-
teresting to measure the bulk Rashba effect in connection
with the ferroelectric properties under a gate bias.
IV. EXPERIMENTAL DETAILS
GeTe nanowire synthesis: The synthesis of GeTe
nanowires are achieved by a Au-catalyzed vapor-liquid-
solid growth. Firstly, the Si(100) substrates with a native
oxide were cleaned with acetone, iso-propyl alcohol, and
deionized water in an ultrasonic cleaning bath, and then
treated in a piranha solution to remove organic residues.
7FIG. 4: a) I-V characteristics and b) the corresponding dV/dI of a Nb/GeTe-NW/Nb junction as a function of bias current
at 0.5 K by applying various perpendicular magnetic fields B⊥. The inset in a) shows a detail at small bias currents. c)
Experimental (dots) and fitted (solid line) critical current Ic,⊥ as a function of magnetic field (B⊥) based on the dV/dI at a
small bias current region (the inset). d) I-V characteristics and e) the corresponding dV/dI as a function of bias current at
0.5 K by applying various magnetic field parallel to the GeTe NW axis (B//). In e) the ranges where a supercurrent is observed
are indicated by the ellipses. f) Critical current Ic,|| as a function of magnetic field based on the dV/dI. The dashed line is a
guide to the eye. All dV/dI curves are shifted vertically for clarity.
After that, the substrates were immersed in Au nanopar-
ticles solution for a few min and rinsed with deionized
water. Finally, bulk GeTe (99.99%, Sigma-Aldrich) was
evaporated at the center of a horizontal tube furnace,
and the reaction product was collected downstream on a
Si/SiO2 substrate covered with colloidal Au nanoparti-
cles. Specifically, the furnace was evacuated and purged
three times with Ar gas. Then it was heated to 400 ◦C
and persisted for 8 h. During this program, the Ar flow
rate and the pressure in the quartz tube were about
140 sccm and 10 Torr, respectively.
GeTe-based device fabrication: In order to contact a
single GeTe nanowire with Nb or Au electrodes, the as-
grown GeTe NWs were transferred to a Si/SiO2/Si3N4
substrate with predefined markers for electron beam
lithography. A two-layer (copolymer/950K) polymethyl
methacrylate (PMMA) resist system was adopted to real-
ized an ideal shape of Nb or Au leads. In order to obtain
a transparent interface between electrodes and GeTe, the
samples were exposed to an oxygen plasma to remove re-
sist residues on the contact area. Before the deposition
of the electrodes on a single nanowire in a magnetron
sputter chamber with a DC power of 250 W, the sam-
ples were lightly cleaned by 45 s Ar+ plasma milling to
remove native oxidation layers on the GeTe surface.
Morphology and composition characterizations: The
morphology and chemical composition of the GeTe
nanowires was determined by SEM and EDX, respec-
tively. In addition, a cross sectional specimen has been
prepared by focused ion beam techniques. High-angle an-
nular dark field imaging in the STEM has been employed
to investigate the cross sectional shape of the nanowires.
In addition, the crystalline structure has been investi-
gated by x-ray diffraction and Raman scattering.
Magnetotransport measurements: The temperature
and magnetic field dependent I-V characteristics and
dV/dI curves were measured using a standard lock-in
technology in a 3He cryostat with a base temperature
of 0.4 K and a magnetic field range from −8 to 8 T. A
four-terminal current driven geometry is employed to di-
rectly measuring the voltage drop across the inner sec-
tion of GeTe nanowire between the nearest internal elec-
trodes. The external pair of electrodes was used for cur-
rent bias.53 The differential resistance (dV/dI ) is gained
by superimposing a small AC current of 10 nA at 9.4 Hz
on a DC bias current. Note that the applied bias current
should be as small as possible to avoid electron heating
and damage of the GeTe-based nanodevices.
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